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Key highlights

e Peak flow characteristics (size, duration and frequency) are examined for AnMBR
e Increasing gas flow rate during peak flow improves recovery

e Supra-critical fluxes can be sustained for short durations

e Specifying average flux below critical flux improves recoverability

e Membrane area should be based on average flow, reducing capital cost

Abstract

In this study, the impact of peak flow on anaerobic membrane bioreactor operation is
investigated to establish how system perturbation induced by diurnal peaks and storm water
flows will influence membrane permeability. Good permeability recovery was attained
through increasing gas sparging during peak flow, which was explained by the transition in
critical flux of the suspension at higher shear rates. However, supra-critical fluxes could also
be sustained, provided peak flow was for a short duration. We suggest longer durations of
supra-critical operation could be sustained through introduction of reactive fouling control
strategies (e.g. TMP set-point control). An initial flux below the critical flux, prior to the
introduction of peak flow, was advantageous to permeability recovery, suggesting
membrane ‘conditioning’ is important in governing recoverability following peak flow. The
importance of conditioning was confirmed through analysis of multiple peak flow events in
which the loss of permeability following each peak-flow event was increasingly negligible,
and can be ascribed to the arrival of a steady-state in membrane surface deposition. Whilst
responding to peak flow with increased gas sparging has been shown effective, the energy
demand is considerable, and as such a pseudo dead-end filtration strategy was also
evaluated, which required only 0.04 kWh m of energy for gas sparging. Comparison of both
filtration modes identified comparable fouling rates, and the feasibility of a low energy gas
sparging method for peak flow management that has successfully enabled supra-critical

fluxes to be achieved over long-periods in other MBR applications. Importantly, membrane
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area provides the highest contribution toward capital cost of AnMBR. The potential to turn-
up flux in response to peak-flow has been identified in this study, which suggests membrane
area can be specified based on average flow rather than peak flow, providing substantive

reduction in the capital cost of AnMBR for municipal wastewater treatment.
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1. Introduction

Anaerobic membrane bioreactors (AnMBRs) are a promising alternative to conventional
aerobic biotechnology for municipal wastewater treatment, as the combination of organic
degradation without the demand for aeration, coupled with energy recovery from biogas
production, offers the potential to realise energy neutral wastewater treatment [1]. The key
challenges limiting full-scale application of AnMBR for municipal wastewater treatment, are
the membrane investment cost and energy demand associated with membrane fouling
control [2]. Numerous previous studies have focussed on sustaining membrane operation
through application of various hydrodynamic conditions (e.g. gas sparging rate, physical
cleaning frequency and duration). In each of these studies, a steady-state influent flow rate
is assumed, with the membrane fixed at constant flux [1,3]. However, at full-scale, MBR must
be designed to manage diurnal peak and storm water flows [4]. Installation of equalisation
tanks can serve to ameliorate peak flow and improve flow regulation [5]. Nevertheless, in a
survey of 17 full-scale municipal aerobic MBR plants in Europe [6], half were reported to
have peak ratios (peak flow to average flow) between two and three, due to the diurnal flow
pattern and connection to combined sewer systems. The membrane must therefore be
designed to cope with an increased flow without incurring substantive long-term fouling.
This can be facilitated by sustaining an average flux at peak flow, through an increase in
membrane surface area, or by temporarily increasing flux during periods of peak flow. This
latter option will constrain capital investment in membrane surface area by up to three
times, but its viability is impingent upon permeability not being compromised in the long-
term from the short-term turn-up in flux.

A peak ratio of 1.4 to 1.5 is recommended for full-scale aerobic MBR which assumes
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that a maximum sustainable flux (defined as the flux required to limit fouling and avoid or
limit the demand for reactive chemical cleaning) can be achieved during peak flow that is 40
to 50 % higher than the average flux [7-9]. Some full-scale aerobic MBR plants have adopted
more conservative design, instead specifying the membrane surface area to match peak
flow, which ensures a considerably lower operating flux during flow variation [8,10], but
introduces a tremendous penalty in capital cost. This is significant since it is estimated that
membrane area will comprise the largest proportion of capital cost (61-72 %) for a full-scale
municipal wastewater AnMBR [11,12]. Furthermore, by specifying membrane surface area
based on peak flow, severe membrane under-utilisation has been reported [8]. To illustrate,
in several surveys of full-scale municipal aerobic MBRs [13,14], the average flow was
typically less than 50 % of the peak flow used for design. This also incurred an increased
operational cost of around 54 %, due to the excess specific aeration demand per unit
membrane area (SAD,,) required [8]. In the context of AnMBR for municipal wastewater
treatment, this increase in energy demand and operational cost may reduce the
attractiveness of investment, since the core aspiration is to facilitate energy neutral
wastewater treatment [15].

Whilst the implications of peak flow on AnMBR design and operation are yet to be
reported, laboratory and pilot scale evaluation of aerobic MBR have been conducted, in
which the capacity for the membrane to withstand an increase in flux, in response to peak
flow, has been determined using a constant SAD,, [5,16,17]. Lebegue et al. [17] identified no
significant difference in transmembrane pressure (TMP) before and after a 2 hour peak flow
event in a lab-scale aerobic MBR treating synthetic municipal wastewater, which increased
flux from 10 to 30 L m™ h™ for two hours on a daily basis. However, Metcalf [9] observed a
significant membrane permeability decline in a pilot scale aerobic MBR treating settled
municipal wastewater, when the flux returned to the average flux of 20 L m?h? froma peak
flux of 25 L m? h™ that was sustained for 24 h. The authors attributed the increased fouling
to the operating flux exceeding the critical flux during peak flow. In recognition of such
behaviour, several studies sought to identify fouling control strategies that could be

deployed during peak flow, such as increasing SAD,,, shortening filtration cycle time, or



increasing backwash flux [4,14]. Following evaluation of a laboratory scale aerobic MBR
treating synthetic settled municipal wastewater, Howell et al. [18] concluded that membrane
fouling introduced by a temporary increase in flux could be controlled by an increase in
SAD,,, with the residual foulant removed following flux restoration to a sub-critical level.
Hirani et al. [4] tested five different pilot-scale submerged aerobic MBR treating settled
municipal wastewater, and demonstrated that a reduction in membrane permeability of 22-
32 % following the introduction of a peak flux ratio 1.6-3.2, was reversible, indicating that
the reactive implementation of physical cleaning strategies during peak flow, were effective
to cope with peak flow [4]. Importantly, such observations suggest that membrane surface
area can be specified based on average flow rather than peak flow, which would help
constrain membrane capital investment.

In AnMBR, the bulk sludge matrix is considerably more complex than in conventional
aerobic MBR, leading to significantly higher membrane fouling [7,19]. As such, the reported
flux for AnMBR is ordinarily between 5-12 L m? h™[1,20], which is considerably below the
flux of 20-30 L m? h* typically specified for full-scale aerobic MBR [7]. The membrane area
required for AnMBR will therefore be greater than for aerobic MBR, with the membrane cost
inevitably increasing when membrane area is specified to sustain average flux at peak flow.
The aim of this paper is therefore to evaluate the impact of a temporary increase in AnMBR
flux, in response to peak flow, to ascertain whether AnMBR membrane surface area can be
specified based on average flow rather than peak flow in order to diminish capital
investment. The specific objectives were to: (i) evaluate the parameters governing
permeability recovery (initial flux, peak flux to initial flux ratio, peak length); (ii) investigate
the impacts of peak flow and strategies of increased gas sparging during the peak to
enhance permeability recovery; and (iii) compare the conventional and alternative
hydrodynamic conditions, to sustain permeability recovery whilst minimising energy

demand.

2. Material and methods
2.1 Anaerobic MBR pilot plant

The AnMBR pilot plant was configured as a granular upflow anaerobic sludge blanket (G-
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UASB) reactor with a submerged hollow fibre membrane cited downstream (Figure 1). The
UASB was 42.5 L in volume, and was fitted with a lamella plate clarifier for solid/liquid/gas
separation (Paques, Balk, The Netherlands). Granular sludge (16 L) from a mesophilic UASB
designed for the pulp and paper industry, was used for inoculum, and was left to acclimate
for 360 days before experimentation commenced. Settled sewage from Cranfield University’s
sewage works with COD, TSS and volumetric loading rate (VLR) of 320+124 mg L*, 15766
mg LY and 1.0-2.2 g COD Lreactor - d™ respectively was fed into the AnMBR at the flow rate of
134-290 L d* (Flux= 6-13 L m™ h™') under normal conditions with a peristaltic pump (5205,
Watson Marlow, Falmouth, UK), to fix HRT at 3.5-8 hours for normal flow conditions. A
dispersed-growth sludge fraction accumulated above the granular bed [21], and was
withdrawn occasionally once washout occurred into the downstream membrane tank. No
granular biomass was withdrawn from the G-UASB during the 120-day trial. Average
temperature of sewage and AnMBR reactor during experimentation was 19.5£3.4 °C.

The 30 L membrane tank was fed with G-UASB effluent and a recycle from the
membrane tank to the base of the G-UASB was employed to sustain the upflow velocity. The
resultant upflow velocity in the G-UASB was 0.8-0.9 m h™ [22] which provided granule bed
expansion of around 40 % of total column height. The hollow-fibre membrane module (ZW-
10) (GE Water & Process Technologies, Oakville, Ontario, Canada) comprised four elements,
each with 54 polyvinylidene fluoride (PVDF) hollow fibres (0.72 m in length and 1.9 mm
outer diameter), providing a total surface area of 0.93 m?% The hollow-fibres had a nominal
pore size of 0.04 um. Permeate was removed by suction using a peristaltic pump (520U,
Watson Marlow, Falmouth, UK). Pressure transducers on the permeate line (-1 to 1 bar, PMC
131, Endress + Hauser, Manchester, UK) and at the bottom of the membrane tank (0-2.5 bar,
060G2418, Danfoss, Nordborg, Denmark) were used to monitor TMP and liquid level height
respectively. Nitrogen-enriched air, produced by a nitrogen generator (NG6, Noblegen gas
generator, Gateshead, UK), was used for gas sparging. The membrane was operated under
continuous filtration and continuous gas sparging (CGS), with several gas sparging strategies
to manage peak flow (Figure 2). To benchmark performance, a ‘control’ was undertaken in

which peak flow did not occur, and gas sparging was not increased (Figure 2). A typical single



peak event was conducted over a 24 h cycle without repeated peak flows on a daily basis,
where peak flow lasting 2 h was scheduled after 8 h operation at average flux (Figure 2). A
novel pseudo dead-end (DE) gas sparging regime was compared to CGS operation, in which
filtration was conducted for 9 mins. without gas sparging, after which filtration was stopped
for 1 minute and gas sparging introduced. During the gas sparging cycle, the specific gas
demand per unit area (SGDy,) was 0.5 or 2.0 m®> m™ h™®, which is equivalent to an (SGDm net)
of between 0.05 and 0.2 m®> m? h™, when normalised to operation al time (Figure 3). The
introduction of gas sparging between filtration cycles was controlled using a solenoid valve
(Type 6014, Burkert, Ingelfingen, Germany) connected to a multifunction timer relay (PL2R1,
Crouzet, Valence, France). Specific gas demand per membrane surface area (SGD,,) of 0.5
and 2.0 m®* m? h™* were controlled by needle valves (0-10 and 0-50 L min’, Key Instruments,
Langhorne, US). The normalised initial permeate flux at 20 °C (J50) was set at 6, 10 and 13 L
m2h:

Jr = Ja0 10257720 (1)
At a SGDp, of 2.0 m®> m? h™, the shear stress intensity imparted through gas sparging

bubbling corresponds to a gas velocity gradient of around 460 s [23]:

G =G @)

VIve
where Q, is gas flow-rate (m? s, g is gravity constant (m s?), h is fluid height (m), V7 is
reactor volume (m?) and v, is the apparent kinetics viscosity (m?s™). v, can be calculated
from dynamic viscosity (1, Pa s) by v,= w/p, where p is density (kg m?>). In order to sustain
upflow velocity in the G-UASB at 0.8-0.9 m h™}, the maximum attainable flux was around 27 L
m?2 h™. Critical flux (Jo) analysis was conducted with the flux step method [24] using flux
steps of 3 L m™ h! lasting for 10 minutes. The trials were conducted in batch with permeate
recycled back to the membrane tank to sustain initial conditions. In order to demonstrate
reproducibility, triplicate trials were conducted at SGD,, of 2.0 m®> m? h™’. A relative standard
deviation of 3.6 % recorded for TMP at a Joo of 15 L m? h™* close to Jc (12-15 L m? h™) with
2.0-9.8 % for all the flux steps up to 18 L m? h™:. Membrane permeability was calculated

according to:

Permeability (K,,) = T];I—OP (3)



To discern total permeability recovery (Kyotor) following peak flow, a ratio of the average
permeability within the initial 2 h (0-2 h) of experimentation (before peak flow), and the last

2 h (22-24 h) of experimentation (after peak flow) was used:

. K20.22-
Total permeability recovery (Ko pr, %) = 222220 (4)
’ K2o,initial

Similarly, post peak permeability recovery (Kyoppr) Was calculated as a ratio of the average

permeability within the 2 h after peak flow, and the 2 h before peak flow.

%) — KZO,Zhafterpeakflow (5)

Post peak permeability recovery (Ko ppr,
§ K20,2h before peak flow

After each test, the membrane module was rinsed with tap water and chemically cleaned in
500 mg L™ sodium hypochlorite for at least 8 h. A spare module was inserted to maintain
constant AnMBR operation during this period. Before the membrane was reused, a clean
water permeability test was undertaken, which evidenced less than 10 % deviation in

membrane resistance throughout the trial.

2.2 Analytical methods

Mixed liquor suspended solids (MLSS) and biological oxygen demand (BODs) were measured
according to Standard Methods [25]. Total and soluble chemical oxygen demand (COD) were
analysed with Merck test kits (Merck KGaA, Darmstadt, Germany). Soluble COD was
determined following filtration through a 1.2 um filter (Whatman 70mm GF/C, GE
Healthcare Life Sciences, Little Chalfont, UK). Particle size was measured by a laser particle
size analysis system (Mastersizer 3000, Malvern Instruments Ltd, Malvern, UK). Protein was
measured using the modified Lowry method (UVss0 nm) [26] using bovine serum albumin
(BSA) (Sigma-Aldrich, UK) as standard reference. Carbohydrate concentrations was measured
using the Dubios method (UV4g0 nm) [27] with D-glucose (Acros Organics, UK) used as the

standard. All analyses were undertaken in triplicate.

3. Results

3.1 Characterisation of AnMBR mixed liquor and critical flux determination

The mixed liguor within the membrane tank comprised MLSS and soluble microbial product

(SMP) concentrations of 123438 mgSS L™ and 90+19 mgCOD L™ respectively (Table 1). The



critical flux (J) of the suspension was identified at two specific gas flow rates (Figure 4). At a
SGD,, of 0.5 m®> m? h}, the J. was between 9 and 12 L m™ h™ and increased to between 12

and 15 L m™ h'l, when SGD,, was increased to 2.0 m>m?hl.

3.2 Impact of gas sparging on AnMBR membrane permeability following peak flow

The impact of peak flow (Qpeak, 2Q) 0N membrane permeability was evaluated for three
initial fluxes (6, 10, 13 L m™ h™) with gas sparging fixed to an SGD,, of 0.5 m® m™? h™* (Figure
5). Total permeability recovery (Kxo,tpr) Of 86, 62 and 61 % were observed following peak flow
induction for initial fluxes of 6, 10 and 13 L m? h™ respectively. Within the peak flow period,
TMP increased to 175, 514 and 591 mbar for 6, 10 and 13 L m? h™ respectively, representing
relative increases in TMP from before peak flow of 3.2, 4.4 and 2.9 times respectively. An
increase in shear intensity from 0.5 to 2.0 m®m?h' during peak flow, seemingly improved
permeability recovery for each initial flux studied (Figure 6). For example, at an initial flux of
6Lm?>h?, permeability recovery increased from 86 % with constant SGD,, of 0.5 m*m?h’
to 96 % when gas sparging was simultaneously increased to 2.0 m*> m™ h™* with peak flow. In
the initial stages of filtration, dP/dt was higher when a higher initial flux was specified (Table
2). At 6 L m? h™, the dP/dt recorded after peak flow was equivalent to that achieved before
peak flow. At higher fluxes of 10 and 13 L m?h?, the fouling rate was generally below that
achieved in the initial phase of filtration prior to peak flow. During the tests with different
gas sparging strategies to manage peak flows, negligible permeability loss was identified in
‘control’ and for each of the other induction strategies a permeability decline of 50 to 70 %
was observed during peak flow (Figure 7). However, permeability recovered to about >85 %
for all gas sparging strategies. The rate of permeability recovery was improved by
continuation of gas sparging for 2 h following peak flow, for investigation of both two and

three times peak flow (Figure 7, Figure S1).

3.3 Impact of peak flux on AnMBR permeability
The impact of initial flux and peak flow to initial flow ratio were investigated at an initial flux
of 6and 10 L m? h™. As expected, with the increase of the peak flow from 2Q to 4Q for the

initial flux of 6 L m? h™ and 1.5Q to 2.5Q for the initial flux of 10 L m™ h"l, TMP increased
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during and after peak flow indicating permeability recovery reduction (Figure 8). For
instance, at the initial flux of 6 L m™ h™* and peak flows of 2Q, 3Q and 4Q, the maximum
TMP during peak flow were 128, 224 and 523 mbar respectively, whilst the TMP after peak
flow were 51, 52 and 64 mbar respectively, corresponding to permeability recovery of 80 %,
79 % and 64 %. At similar peak fluxes of 18 and 20 L m™ h™, higher permeability recovery of
approximately 80 % were observed for the initial flux of 6 L m? h™ with 3Q peak flow,
compared with about 53 % permeability recovery at the initial flux of 10 L m?2 h? with 2Q
peak flow. For both initial flux of 6 and 10 L m™? h™* with different peak flows, the dP/dt after

peak flow were also generally equivalent or lower than that prior to peak flow (Table 3).

3.4 Impact of peak length and multiple peak events on AnMBR permeability

To establish the impact of peak length on permeability recovery, peak length was varied
between 0.5 and 8 h at peak fluxes of two and three times the initial flux (Figures 9 and 10).
For a short peak flow of 0.5 h, similar permeability recovery (92-94 %) was observed at peak
flows of 2Q and 3Q. For 2Q, the reduction in permeability recovery over longer peak flow
events was negligible, whereas at 3Q, a progressive decline in membrane permeability was
observed (Figure 10). Multiple peak event analysis was undertaken using 2h peak flow
events equivalent to 3Q, and introduced every 8 h (Figure 11). During each peak flow event,
a maximum TMP of between 370 and 420 mbar was achieved. Following the initial peak flow
event, post peak permeability recovery (Ko ppr) Was between 60 and 70 %. However, the
relative permeability decline following sequential peaks was markedly less, with Kig ppr

of >90 % recorded following the third and fourth peak flow events (Figure 11, Inset).

3.5 Alternative hydrodynamic conditions

Continuous gas sparging was compared to an alternative hydrodynamic regime, in which
filtration was conducted without gas sparging. Following a period of filtration (9 minutes),
gas sparging was introduced for 1 minute together with membrane relaxation to create a
pseudo dead-end filtration cycle [28]. Initial fluxes of 6 and 10 L m~ h™! were evaluated, with

fluxes doubled in response to peak flow (Figure 12). For both fluxes, the TMP trend



developed in response to peak flow were comparable. Specifically, at 10 L m?2h?, a dP/dt of
1.43 and 0.17 mbar min™ were recorded during the initial stage of filtration and for filtration

following peak flow respectively for both hydrodynamic conditions.

4. Discussion

In this study, the potential to restore permeability following peak flow has been evidenced in
AnMBR treating municipal wastewater. Although future complimentary research focussed on
longer-term impacts of peak flow to permeability would be beneficial, data from this study
suggests that the membrane area requirement for AnMBR can be potentially specified based
on average flow instead of peak flow, manifesting in a considerable reduction in capital cost
by about 67 % compared with the design based on peak flows (3 times of average flow),
sufficient to make AnMBR a more economically viable proposition. Total permeability
recovery of 86 % (Kyo, +pr) Was recorded when peak flow doubled from an initial flux of 6 L m™
h™ and gas sparging was sustained at a SGD,, of 0.5 m? m™ h! before and during peak flow
(Figure 5). However, increasing gas sparging rate from 0.5 to 2.0 m> m™ h}, during peak flow,
improved permeability recovery to 96 % (Figure 6), which is similar to the observation of
Howell et al. [18] who studied peak flow in aerobic MBR. During peak flow, the flux (J, 12 L
m?h™) was equivalent to the J. of the suspension, when gas sparging was fixed to a SGD,, of
0.5 m®> m? h™. The improved permeability recovery provided by the increase in SGD, to 2.0
m*m?2ht during peak flow can therefore be accounted for by the increase in the suspension
Jcfrom 12 to 15 L m™ h* (J>J) (Figure 4), which then limited particle deposition during peak
flow [1,29,30]. Whilst similar permeability recoveries were identified over the 24h filtration
period for the various methods of gas sparging induction trialled (Kygtor, 84-89 %), the rate of
permeability recovery was improved by around 8 % when gas sparging rate was increased
from 0.5 to 2.0 m®> m? h™* during peak flow and sustained for 2 h after peak flow (Figure 7).
This might be attributed to the cake erosion through an increase in shear stress [31,32],
although the membrane fouling in AnMBR is more complex than just cake formation. In this
study, we therefore suggest sustaining shear stress (SGD, 2.0 m> m?h?; G, 460 s) whilst
reducing flux to match average flow, provides analogous behaviour, in which faster

permeability recovery (through cake erosion) can be obtained, thereby presenting value to
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sewage works exposed to frequent flow variations [6].

For a short peak flow period of 0.5 h, similar permeability recoveries of 92 to 94 %
were identified independent of whether the peak flux was two or three times higher than
the initial flux (Figure 9, Figure 10). The performance observed following 0.5 h filtration at
three times peak flow is noteworthy since despite J>J. for the duration of peak flow,
permeability recovery was higher than observed at lower peak flux (2Q) for longer duration.
This is supported by the modeling approach of Giraldo and LeChevallier [33] who illustrated
that sustaining high peak flux for short durations was less challenging for membrane
operation in aerobic MBR than low peak flux for longer duration. Whilst there is no definitive
classification of peak flow duration, a typical duration for morning peak flow is around 2 to 3
h [34]. At the higher peak flow (J, 18 L m? h), permeability recovery diminished with an
increase in peak length, whereas for the lower peak flow examined, permeability recovery
was seemingly independent of peak length above 2 h (Figure 10). On face value, the data
suggests that whilst fluxes above the critical flux can be managed for short durations of 0.5
h, the prescribed flux at peak flow should be below the J; in order to sustain membrane
permeability over extended peak flow durations. However, it is important to recognise that
the maximum TMP reached increased with peak length, reaching a maximum of around 300
mbar following operation for 8 h at peak flow (Figure 9), which is above the operating TMP
ordinarily adopted at full-scale. Several authors have adopted reactive maintenance
philosophies where a TMP set-point initiates automated backwash/relaxation, rather than
temporal cycling [20,35]. For example, Hirani et al. [4] applied shorter filtration cycles, longer
backwash durations or higher backwash fluxes during peak flow and evidenced only modest
permeability reduction after several days of peak-flow assessment for aerobic MBR.
Consequently, it is therefore proposed that the introduction of TMP set-point control can
potentially complement the permeability recovery already observed for supra-critical fluxes
over short durations in this study, to extend supra-critical operation over considerably longer
peak flow durations, without incurring substantive permeability loss.

Adoption of an initial flux well below the critical flux appears to limit fouling

following peak flow. To illustrate, when flux was increased from an initial flux of 6 and 10 L
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m? h™ to supra-critical fluxes of 24 L m? h™* (4Q) and 25 L m™? h™ (2.5Q) respectively during
peak flow, similar relative permeability losses were obtained. However, the loss in absolute
permeability following peak flow was markedly higher for an initial flux of 10 L m? h™,
despite the similarity in peak flux (Figure 8). When initial flux was close, or equivalent to, the
critical flux of the suspension, deposition was noted in the early stage of filtration, before
the initiation of peak flow. Enhanced surface deposition was confirmed by the dP/dt
observed for the higher fluxes (10 and 13 L m? h™) before peak flow (Table 2 and 3); the
increased resistance will have been exacerbated by the colloidal composition in the matrix
(around 50 mgSMPp+c L™) [5], which is approximately 1.5 times higher than in conventional
aerobic MBR systems [19]. It is this deposition which is regarded to augment bacterial
attachment and cake layer formation during peak flow under supra-critical flux [36,37].
However, the fouling rate obtained following peak flow, was generally either the same or
lower than before peak flow, which is the antithesis of the hysteresis profile ordinarily
observed in critical flux analysis, following the ‘step-down’ in flux from a supra-critical state,
where a higher dP/dt is commonly observed during step-down at an equivalent flux [38]. We
therefore suggest that the fouling observed before and after peak flow in this study is
analogous to that of ‘conditioning’ (stage 1 fouling) and ‘stage 2’ fouling respectively [5,39],
where the properties of the initial deposit formed are a function of how close initial flux is
specified relative to the critical flux and directly affect to post-peak permeability recovery.
The effect of membrane conditioning was corroborated by multiple peak flow analysis
(Figure 11), in which the relative loss in permeability decreased following an increase in peak
number (Figure 11, Inset). Such phenomena have been described through arrival of a
steady-state, in which the deposit formed during peak flow was balanced by the removal
after peak flow leading to no noticeable change in TMP [5,7]. However, further long term
trials with regular peak flow occurrences should be conducted.

Importantly, this study demonstrates that employing higher initial fluxes does not
necessarily preclude the attainment of ‘sustainable’ fluxes following peak flow [39];
however, by specifying an initial flux below the critical flux, post-peak flow fouling is limited,

as demonstrated at an initial flux of 6 L m? h™ (Tables 2 and 3). To obtain similarly low
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fouling rates for higher initial fluxes, an increased SGD., could be employed to raise the
critical flux of the suspension, although this will incur a substantive energy penalty. For
example, an initial flux of 6 L m? h™ and SGD, 0.5 m> m™ h™ is equivalent to a specific gas
demand per unit permeate (SGD,) of 83 m*> m™. Raising SGD,, to 2.0 m> m? h™ for an initial
flux of 10 L m? h™* will increase SGD, to 200 m® m™. Therefore while specifying a higher
initial flux, represents a capital cost reduction for membrane area of around 40 %, a
considerable energy demand is incurred, equivalent to 1.79 kWh m>. In this study, an
alternative pseudo dead-end filtration mode was introduced, which provided comparable
dP/dt before and after peak flow at an initial flux of 10 L m?2h?, but reduced energy demand
to 0.04 kWh m™ (SGD,, 5 m®> m?) (Figure 12). This is noticeably below the energy recovery
typically reported for AnMBR treating municipal wastewater of 0.28 kWh m?, which is
pertinent as the opportunity to achieve energy neutral sewage treatment remains the key
driver for this technology [15,40]. Using the same filtration mode in anoxic MBR, McAdam et
al. [23] demonstrated that provided the volume filtered during the dead end cycle was
sustained below a critical value, almost complete deposit reversibility could be achieved for
fluxes in excess of the critical flux; which is similar to observations recently made by Wang et
al. [40] for AnMBR. This indicated the potential for complete deposit reversibility under
super-critical fluxes during both average flow and peak flow period in AnMBR. Whilst this
study illustrates comparable performance to continuous gas sparging, further work is
required to establish the potential to sustain higher initial fluxes and peak fluxes in AnMBR
with pseudo dead-end filtration, in excess of the suspensions critical flux, which has been
successfully demonstrated for other MBR applications [23,28,41]. It is therefore suggested
that further capital cost reduction can be expected by increasing the attainable initial and

peak flux through this pseudo dead-end filtration.

5. Conclusions
The impact of critical transient peak flow characteristics (peak duration, frequency and size)
on membrane permeability has been evaluated, together with several reactive methods to

improve permeability recovery following peakflow events. The following conclusions can be
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drawn:

Enhanced permeability recovery is achieved by increasing gas sparging during peak
flow. However, considerable increase in gas sparging is needed to shift the critical
flux of the suspension (four times), leading to a doubling of specific gas demand.
Extending high rate gas sparging following a return to average flow, despite requiring
a higher energy input improves the kinetics of permeability recovery which may be
advantageous to smaller works, typically exposed to more frequent transient flows.
Supra-critical fluxes can be sustained for short duration; further work is required to
evaluate interventions during peak flow (e.g. TMP set-point) to extend the period of
operability

Specifying initial flux below critical flux was important for permeability recovery from
a supra-critical state for continuous filtration and continuous gas sparging. To
optimise membrane design (i.e. limit membrane surface area) at average flow, higher
initial fluxes can only be obtained through increasing SGD,, at average flow or use of
an alternative filtration mode (e.g. pseudo dead-end). However, their ability to
sustain permeability in the long term following regular peak flow required validation.
Dead-end filtration presented analogous performance at a fraction of the energy
demand. Permeability recovery could be advanced by increasing SGD,, from 0.5 to
2.0 m*m? h™, which would represent a comparatively negligible increase in energy
due to the limited gas sparge frequency applied. With this filtration mode, consistent
supra-critical flux operation has been demonstrated in the broader literature, and

warrants further examination for AnMBR to further minimise capital cost.

Importantly, this study demonstrates the potential for AnNMBR membrane surface area to be

specific based on average rather than peak flow, which constitutes a significant financial

saving.
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Figure 1. Schematic of the pilot granular anaerobic membrane bioreactor (G-AnMBR).
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Figure 6. Impact of doubling flow (peak, 2Q) on transmembrane pressure at different initial
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100% 2

<

s 80%

z
5
= =
g 60% %
> o
= 15
3 5
S 40% 3
g ™
o
3 Control (No peak flow, constant gas sparging)
.E —@— Constant gas sparging (With peak flow, gas sparging rate unchanged)
% 20% - - @ — Gas sparging increased simultaneously with peak flow
o O - Gas sparging increased with peak flow and sustained 2h after peak flow

—— Gas sparging increased 2h after peak flow
0% —— Flu\x ratlo T T T T 0
0 4 8 12 16 20 24

Time (h)
Figure 7. Impact of different gas sparging strategies on relative membrane permeability after
flow was doubled (peak, 2Q). Initial flux, 6 L m™ h%; Peak flux, 12 L m™? h™. Constant specific
gas demand per unit membrane area (SGD,) of 0.5 m®> m? h™ during steady-state, and
increased from 0.5 to 2.0 m> m™ h™* for set periods during specific trials (see Figure 2).



600 - -- - 4

" | & Initial, 6 LMH; Peak, 12 LMH (2Q)

! ! O Initial, 6 LMH; Peak, 18 LMH (3Q)
— ! A Initial, 6 LMH; Peak, 24 LMH (4Q)
@ 500 - ! = = = Flux ratio
2 | |
E - 3
- - L

|
2 400 | 1A —~
5 " 3
=1 )
2 o >
¢ 300 - k-- L2 5
o e
Q
c | X
2 i
Q
€
%]
[ =
& 100
-

Time (h)

(a)

600 - & Initial, 10 LMH; Peak, 15 LMH (1.5Q) -3
O Initial, 10 LMH; Peak, 20 LMH (2Q)
A Initial, 10 LMH; Peak, 25 LMH (2.5Q)

= — — = Fluxrati 1
-‘35007 ux ratio Y i é»_% A L

£ I I 5 5087 °

- ] T A

a’ | , 206 A °

S 7 - £ > i

E 400 T G 04 - 2 _
2 + ~ 3 @ Initial, 6 LMH 3y
= < S 02 nitial, 2
2 I I @09 A Initial, 10 LMH =
e 300 7 - 0 T T T 1 .‘f-B.
o 0 1 2 3 4 o
c Peak flow ratio S
£ T
]

£

17}

&

= 100

O T T T T T O
0 4 8 12 16 20 24

Time (h)

(b)

Figure 8. Impact of peak flow ratio on transmembrane pressure when: (a) Initial flux, 6 L m™
h™; (b) Initial flux, 10 L m™ h™. Specific gas demand per unit membrane area (SGD,,)
increased from 0.5 to 2.0 m®> m™ h™ during peak flow.



& Peaklength=0.5h -3
O  Peaklength=2h
Peak length=4 h
¢ Peaklength=8 h
— = = Flux ratio

w

(Sa)

o
)

w

o

o
1

N
u
o

200

150

Flux ratio (J/J,)

100

Transmembrane pressure (TMP,mbar)

w
o

Figure 9. Impact of peak length on membrane permeability recovery. Initial flux, 6 L m? h;
Peak flux, 18 L m™? h™* (Peak, 3Q). Specific gas demand per unit membrane area (SGD,)
increased from 0.5 to 2.0 m®> m™ h™ during peak flow.

100% -
g o
S 80% - O O
= *
>
S *
3 0
S 60% -
(]
z *
S 0% -
(]
£
(]
o
s 20% -
2 O Peak flux,12 LMH (2Q)
@ Peak flux, 18 LMH (3Q)
O% T T T 1
0 2 4 6 8

Peak length (h)

Figure 10. Impact of peak length on membrane permeability recovery for two different peak
flow ratios. Initial flux, 6 L m™? h™; Peak flux, 12 L m? h* (2Q) or 18 Lm™ h™ (3Q). Specific gas
demand per unit membrane area (SGD,,) increased from 0.5 to 2.0 m* m? h™ during peak
flow.



> 1
= A 4
700 One peak Q g 03 r
® Two peaks g ii 0.6 A
- o S 04
= 600 - A Four pe.aks g g
o = = = Flux ratio ~ O 0.2 L
€ 3 D
n: a * 0 - T T T 1
s 500 0 1 2 3 4
j:' Peak number =
5 400 - P Y LA ! =
o I I I £ 2
& 00 &, | 1! | ®
% b | b Sl 0! | : r 5
= b | [ | ] | | .
I | 1 0 ! !
g _____ | _---lg---a "---- ==l-;
g g
= 100 -+
0 T T T T T T T T
0 6 12 18 24 30 36 42 48
Time (h)

Figure 11. Impact of multiple peak flow events on transmembrane pressure. Initial flux, 6 L
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Figure 12. Comparison of two hydrodynamic conditions subject to peak flow: continuous
filtration and continuous gas sparging (CGS); pseudo dead-end (DE) comprising intermittent
filtration (9 min on/1 min off) and intermittent gas sparging (9 min off/ 1 min on). (a) Initial
flux, 6 L m™? h''; Peak flux, 12 L m™? h™ (2Q); (b) Initial flux, 10 L m™? h™; Peak flux, 20 L m?> h*
(2Q). Constant specific gas demand per unit membrane area (SGD,,) of 0.5 m®> m™ h™* applied
throughout trial



Table 1. AnMBR removal efficiency, wastewater and membrane _
characterisation.

Parameter Unit Influent Membrane tank
TSS mg L™ 157466 (n=50) 123438 (n=50)
BOD; mg L 143+43 (n=15) -

coD, mgl?  320+124 (n=50) 225+74 (n=50)
coD, mg L 10931 (n=50) 90+19 (n=50)
SMP, mgL? 4249 (n=50) 377 (n=50)
SMP, mgL? 11+2 (n=50) 134 (n=50)
SMP P/C - 3.9+0.9 (n=50) 2.9+0.5 (n=50)
Particle size (dsp) pum 76139 (n=33) 7237 (n=33)

Table 2. Comparison of fouling rate before and after peak flow when SGD,, was either fixed
t0 0.5 m*>m? h™ or increased from 0.5 to 2.0 m* m™ h™* during peak flow (two hour peak).

Initial Flux,J  Peak flux, J Initial SGD,,,  Peak SGD, Fouling rate (dP/dt) (mbar h™)
(Lm?h?Y (Lm?h?Y (m>m?hY)  (m°m?2h?)  Pre-peak (2-8h)  Post-peak (18-24h)
6 12 (2Q) 0.5 0.5 0.17 0.17

10 20 (2Q) 0.5 0.5 1.50 0.17

13 26 (2Q) 0.5 0.5 6.33 3.17

6 12 (2Q) 0.5 2.0 0.17 0.17

10 20 (2Q) 0.5 2.0 1.43 2.67

13 26 (2Q) 0.5 2.0 8.10 2.67

Table 3. Fouling rate determined before and after peak flow for initial fluxes of 6 and 10 L m
>h™. SGD,, was increased from 0.5 to 2.0 m*> m™ h™* during peak flow (two hour peak).

Initial flux, J Peak flux, J Fouling rate (dP/dt) (mbar h’l)
(Lm?h?Y (Lm?h?Y Pre-peak (2-8h) Post-peak (18-24h)
6 12 (2Q) 0.17 0.17

18 (3Q) 0.17 0.17

24 (4Q) 0.17 0.17
10 15 (1.5Q) 1.55 2.00

20 (2Q) 1.43 2.67

25 (2.5Q) 1.58 0.69




Supplementary data

Control (No peak flow, constant gas sparging)
—@— Constant gas sparging (With peak flow, gas sparging rate unchanged)
— 4 - Gas sparging increased simultaneously with peak flow
= O = Gas sparging increased with peak flow and sustained 2h after peak flow
—— Gas sparging increased 2h after peak flow
= = = Flow ratio

100% 3
X
£ 80%
S
~ 2
& 60%
2
3
o 40%
£ 1
[}
Q
)]
2 20%
1]
K
o
O% T T T T T 0
0 4 8 12 16 20 24
Time (h)

Figure S1. Impact of different gas sparging strategies on relative membrane permeability
after flow was tripled (peak, 3Q). Initial flux, 6 L m? h™; Peak flux, 18 L m™? h™’. Constant
specific gas demand per unit membrane area (SGD,,) of 0.5 m®> m™ h™ during steady-state,
and increased from 0.5 to 2.0 m®> m™ h™ for set periods during specific trials (see Figure 2).
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